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Finding onserved well-ordered RNA strutures in genomisequenes
Shu-Yun LeLaboratory of Experimentaland Computational BiologyNCI Center for Caner ResearhNational Caner Institute, NIH,Bldg 469, Room 151, Frederik, Maryland 21702Jaob V. Maizel, Jr.Laboratory of Experimentaland Computational BiologyNCI Center for Caner ResearhNational Caner Institute, NIH,Bldg 469, Room 151, Frederik, Maryland 21702Kaizhong ZhangDepartment of Computer SieneUniversity of Western OntarioLondon, Ontario, N6A 5B7, CanadaReent advanes in RNA studies show that the well-ordered, strutured RNAs performa broad funtions in various biologial mehanisms. Inluded among these funtions areregulations of gene expression at multiple levels by diversi�ed ribozymes and variousRNA regulatory elements. The disovered miroRNAs (miRNAs) with a distint stem-loops are a new lass of RNA regulatory elements. The predition of those well-orderedfolding sequenes (WFS) assoiated with the RNA regulatory elements in genomi se-quenes is very helpful for our understandings of RNA-based gene regulations. We presenthere a new omputational method in searhing for the onserved WFS in genomes. Inthe method, the WFS is assessed by a quantitative measure Ediff that is de�ned as thedi�erene of free energies between the omputed optimal struture (OS) and its orre-sponding optimal restrained struture where all the previous base pairings in the OS areforbidden. From those WFS with high Ediff sores, the onserved WFS is determinedby omputing the maximal similarity sore (MSS) between the two ompared strutures.In pratie, we �rst searh for those distint WFS with high statistial signi�ane ingenomi sequenes and then seek for those onserved WFS with high MSS. The potentialand impliations of our disoveries in the genome of Caenorhabditis elegans are disussed.Keywords: miroRNA; well-ordered folding sequene; strutural similarity.

1. IntrodutionRNA is a onformationally polymorphi maromoleule and is synthesized fromthe DNA template in transription. Though RNA is synthesized in single-strandedhain, almost every RNA moleule has struture that inludes various double heli-al regions of the base pair formed by itself in the orret antiparallel orientation1
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2 S.Y. Le, J.V. Maizel Jr. and K. Zhangbetween omplementary segments. In addition to Watson-Crik A:U and G:C basepairs, wobble G:U and other non-anonial base pairs also ontribute to the stru-tural onstraints in the seondary and tertiary struture of RNA moleules.Reent advanes in studies of non-oding RNAs (nRNAs) and RNA interferene(RNAi) indiate that RNA is more than a messenger between genome and protein.The nRNAs are involved in various regulatory mehanisms of gene expression atmultiple levels 1;2;3;4. The well doumented inludes transriptional mediation, RNAproessing and modi�ation, mRNA stability and loalization, and the translationof mRNA into protein 5;6;7;8;9;10;11. The funtional RNAs that an onfer the reg-ulatory ativity omprise transfer RNA, ribosomal RNAs, self-leavage ribozymes5, small miroRNAs (miRNAs) 4;7 and various RNA regulatory elements, suh asiron-responsive element (IRE) in the non-oding region (NCR) of ferritin mRNAs6, internal ribosome entry sequene in the 5' NCR 10 and Rev response element inHIV 8. It has been suggested that the funtional RNAs possess well ordered onfor-mations that are both thermodynamially stable and uniquely folded 12;13. Thosefuntional strutured RNAs (FSR) almost always have onserved strutural motifsmanifested in the spei� ombinations of base pairings and distint loop sequenesin the folded stem-loops. It is the onserved, strutural feature formed uniquely inthe FSR that plays a ruial role in the regulatory mehanism.The newly disovered miRNAs of about 22 nuleotides (nt) an ontrol develop-mental timing in Caenorhabditis elegans (C.elegans) and repress the translation oftheir target genes by binding to the 3' untranslated regions of the mRNAs 7. TheRNA silening underlies several important and highly related gene regulatory meh-anisms 3. It is interesting to note that most of these miRNAs have phylogenetiallyonserved sequenes of about 22 nt and their RNA preursors are of about 80 nt inlength. The preursors an form a onserved fold-bak stem-loop struture arossthe divergent speies in whih the onserved sequene with about 22 nt is withinone arm ontaining at least 16 base-pairings 14;15. It has been suggested that a largenumber of miRNAs (up to hundreds) may be enoded per genome 15. Moreover,genome analysis and omparison indiated that about 98% of the transriptionaloutput of human genome is nRNAs 16. Knowledge disovery from suh nRNAs ingenomi sequenes by omputational method is highly desirable.The omplete genome sequenes of human, rat, C.elegans and other pathogenibateria provide the fundamental information useful for us to explore biologialproperties. Analysis of the massive sequene data requires sophistiated bioinfor-matis tools. Reently, we have developed a new method of disovering well-orderedfolding sequenes (WFS) in a genome 17;18 and of omputing quantitatively the max-imal similarity between two RNA strutures 19. With the ombination of the twoalgorithms we develop a new proedure in searhing for distint fold-bak struturesthat are expeted to be related to the known miRNAs in genomes. In this study,we �rst searh for WFS with high statistial signi�ane by sanning suessivesegments of both 70 and 80 nt along the C.elegans genome. We ollet the distintWFS sequenes and their RNA seondary strutures. We then ompare eah of these
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Finding onserved well-ordered RNA strutures in genomi sequenes 3RNA strutures with that of the known miRNAs. Those distint stem-loops withhigh similarity to the strutural morphologies of known miRNAs are determined.The ommon strutural motifs an be revealed.
2. Methods2.1. Searh for distint WFSTo searh for funtional RNA elements with struture dependent funtions in agenome sequene we need a quantitative measure to haraterize the thermodynamistability and well-ordered onformation of a RNA struture folded by a segmentsequene. For an arbitrary RNA segment s, we de�ne Ediff (s) as the quantitativemeasure, Ediff (s) = Ef (s)�E(s), where E(s) is the minimal energy of the optimalfolded struture (minimal energy struture) on s and Ef (s) is the minimal energy ofa onstrained optimal struture on s where all previous base pairings in the optimalstruture are prohibited. The measure Ediff (s) an signify how thermodynamistable and well-ordered the predited RNA seondary struture of the segment is.The program EDsan 17 adapt the dynami programming algorithm and Turnerenergy rules 20;21 to ompute the minimal energies of RNA foldings. The searh forWFS in a sequene is done by sanning suessive segments along the sequene toalulate a standardized z-sore (Zsre) for eah of the suessive segments. Herewe de�ne Zsre(s) as, Zsre(s) = (Ediff (s)� Ediff )=stddiffwhere Ediff and stddiff are the sample mean and standard deviation of Ediff (s)omputed from those suessive segments. In this study we slide both a window of70-nt stepped with 3-nt eah time and a window of 80-nt stepped with 5-nt eahtime along the C. eleg genome. Those segments with Zsre(s) > Zsr0e are seletedto be andidates of WFS in the genome sequene.The value of Zsr0e is often determined using simple Monte Carlo simulations.In the simulation, we �rst selet a natural sequene of about 2500-nt that inludesa spei� miRNA preursor. We ompute the Zsre(s) distribution of all 80-ntsegments in the real sequene by EDsan. We then generate a set of 50 randomsequenes by randomly shu�ing the natural sequene. With the same parametersas used in the omputation of the real sequene we repeatedly ompute Zsre(s)distribution in the 50 random sequenes by EDsan. With the omparison of theZsre(s) distributions between natural and randomly shu�ed sequenes, we ande�ne a reasonable threshold of Zsr0e for prediting the potential WFS in a genomesequene. The folded strutures of those deteted potential WFS are then omputedby mfold 21 and used in the following strutural omparison.2.2. RNA strutural omparisonFollowing the tradition in sequene omparison, we de�ne three basi edit opera-tions, relabel, delete, and insert, on a RNA struture. In the program rna math19, eah operation an be applied to either a base pair or an unpaired base. With
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4 S.Y. Le, J.V. Maizel Jr. and K. Zhangsore funtions assoiated with the edit operations for both unpaired bases andbase pairings we an ompute a maximal similarity sore (MSS) between two RNAstrutures using the optimal number of weighted operations.The dynami programming algorithm 17;22;23 of struture omparison used inrna math is briey desribed here. Let R1[1 � � �m℄ and R2[1 � � �n℄ be the two givenRNA strutures. M(i1; i2 ; j1; j2) is used to represent MSS between the two sub-strutures R[i1 � � � i2℄ and R2[j1 � � � j2℄. Suppose that we want to ompute the MSSbetween R1[1 � � � i℄ and R2[1 � � � j℄. If both r1[i℄ and r2[j℄ are unpaired bases, thenwe have
M(1; i ; 1; j) = max8<:M(1; i� 1 ; 1; j) + del(r1[i℄)M(1; i ; 1; j � 1) + ins(r2[j℄)M(1; i� 1 ; 1; j � 1) + rel(r1[i℄; r2[j℄)Where del(r1[i℄), ins(r2[j℄) and sub(r1[i℄, r2[j℄) are ost sores assoiated with theoperations of deletion, insertion and relabel of unpaired bases, respetively.If i0 < i and (r1[i0℄; r1[i℄) is a base pair and j0 < j and (r2[j0℄; r2[j℄) is a basepair, then we have the following if in M(1; i � 1 ; 1; j) r1[i0℄ is deleted and inM(1; i ; 1; j � 1) r2[j0℄ is inserted.

M(1; i ; 1; j) = max8>><>>:
M(1; i� 1 ; 1; j) + del((r1[i0℄; r1[i℄))M(1; i ; 1; j � 1) + ins((r2[j0℄; r2[j℄))M(1; i0 � 1 ; 1; j0 � 1) +M(i0 + 1; i� 1 ; j0 + 1; j � 1)+rel((r1[i0℄; r1[i℄); (r2[j0℄; r2[j℄))Thus, we an ompute MSS between two strutures of R1 and R2 by a dynamiprogramming algorithm. We onsider the smaller substrutures �rst and eventuallyonsider the whole strutures R1 and R2.The MSS sore will depend on indel sores and the substitution matrix. Cur-rently these values are determined by heuristis. In the future, with a large olletionof RNA strutural data, these an be determined by statistis.

3. Results and Disussion3.1. miRNAs and the orresponding WFS disovered in C.elegansC.elegans genome inludes hromosomes I-V and hromosome X. Their lengths arefrom 16 to 21.3 million nts. For eah hromosome sequene we omputed Zsredistribution by sliding a 80-nt window stepped with 5-nt eah time along the se-quene. We also omputed Zsre distribution by sliding a 70-nt window steppedwith 3-nt eah time along these sequenes. We found that most of known miR-NAs enoded in C.elegans were oinident with statistially signi�ant WFS (seeTable 1). The miRNAs of 21 � 24 nt are loated at either the right or the leftarm of the folded stem-loops of the orresponding WFS summarized in Table 1.
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Finding onserved well-ordered RNA strutures in genomi sequenes 5Table 1. Known miRNAs and the orresponding WFS identi�ed in C.elegansGenome.-------------------------------------------------------------Gene Chromosome and Loation WFS Zsr-------------------------------------------------------------lin-4 II 5902232-5902252 5902221-5902300 4.74let-7 X 14743369-14743390 (-) 14743402-14743323 7.11mir-1 I 4514825-4514845 (-) 4514814-4514893 7.73mir-2 I 7697273-7697295 (-) 7697337-7697268 4.12mir-34 X 2708647-2708668 (-) 2708601-2708680 8.27mir-35 II 11537564-11537585 11537516-11537595 9.18mir-36 II 11537669-11537690 11537616-11537700 3.59mir-37 II 11537789-11537810 11537741-11537820 5.93mir-38 II 11537886-11537907 11537836-11537915 8.65mir-39 II 11538039-11538060 11537991-11538070 7.58mir-40 II 11538135-11538156 11538086-11538165 9.31mir-41 II 11538264-11538285 11538211-11538290 3.83mir-42 II 11889765-11889784 11889711-11889790 8.85mir-43 II 11889864-11889886 11889816-11889895 9.80mir-44 II 11889977-11889997 11889926-11890005 7.04mir-46 III 11994834-11994855 11994782-11994861 5.66mir-47 X 13674086-13674107 13674036-13674115 7.94mir-48 V 14209762-14209784 (-) 14209717-14209796 8.69mir-49 X 9754719-9754740 9754666-9754745 6.30mir-50 I 98223-98246 in Y71G12B 98215-98295 5.00mir-51 IV 9361617-9361639 (-) 9361573-9361652 4.33mir-53 IV 9363196-9363219 (-) 9363153-9363232 4.41mir-54 X 12897785-12897808 (-) 12897781-12897860 7.32mir-55 X 12897616-12897638 (-) 12897606-12897685 8.91mir-56 X 12897480-12897501 (-) 12897476-12897555 6.30mir-56b X 12897522-12897544 (-) 12897476-12897555 6.30mir-57 II 7850475-7850498 (-) 7850431-7850510 3.96mir-58 I 16248-16269 in Y67D8A 16198-16282 7.15mir-59 IV 9728930-9728952 (-) 9728922-9729001 4.85mir-60 II 6328662-6328684 (-) 6328728-6328659 8.40mir-61 V 11628209-11628229 (-) 11628197-11628276 8.08mir-62 X 12445416-12445437 12445376-12445455 4.48mir-64 III 93001-93023 in Y48G9A 92993-93072 4.61mir-65 III 93151-93173 in Y48G9A 93140-93219 4.43mir-66 III 93256-93278 in Y48G9A 93248-93327 3.77mir-67 III 4744361-4744384 (-) 4744354-4744433 5.27mir-70 V 6538459-6538481 (-) 6538448-6538527 4.80mir-71 I 7704477-7704495 (-) 7704505-7704436 5.74mir-72 II 2452852-2452871 2452841-2452920 5.12mir-73 X 2105074-2105096 2105026-2105105 4.95mir-74 X 2105351-2105372 2105301-2105380 6.57mir-75 X 2108762-2108783 2108716-2108795 6.04mir-76 III 2006970-2006991 2006915-2006994 7.20mir-77 II 12519222-12519243 12519171-12519250 7.45mir-79 I 7657496-7657517 7657482-7657561 4.25mir-80 III 7685424-7685446 (-) 7685497-7685418 5.81mir-81 X 2167389-2167410 2167336-2167415 5.73mir-82 X 2171524-2171545 (-) 2171519-2171588 5.11mir-83 IV 6202645-6202666 6202596-6202675 5.41mir-84 X 15895740-15895761 (-) 15895695-15895764 4.59mir-85 II 8393532-8393555 8393486-8393565 6.47mir-86 III 1842256-1842278 (-) 1842251-1842320 3.91mir124 IV 10276532-10276552 10276524-10276593 5.83mir228 IV 4250414-4250436 4250407-4250486 4.68mir230 X 5538452-5538474 5538401-5538480 6.96mir231 III 6362417-6362440 (-) 6362411-6362490 8.09mir232 IV 9329727-9329749 (-) 9329723-9329802 5.77mir233 X 11844227-11844249 (-) 11844222-11844291 3.35mir234 II 14461938-14461958 (-) 14461921-14462000 7.99mir235 I 4504454-4504475 (-) 4504452-4504521 4.25mir236 II 7030136-7030158 (-) 7030116-7030195 7.87-------------------------------------------------------------
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6 S.Y. Le, J.V. Maizel Jr. and K. ZhangTable 1. (ontinued)-------------------------------------------------------------Gene Chromosome and Loation WFS Zsr-------------------------------------------------------------mir237 X 7902163-7902186 7902151-7902230 8.96mir238 III 7687482-7687504 (-) 7687478-7687547 3.10mir239a X 11559966-11559988 11559961-11560040 4.79mir239b X 11558868-11558890 (-) 11558821-11558900 6.70mir243 IV 3199781-3199803 3199731-3199810 12.62mir244 I 3011309-3011332 (-) 3011261-3011340 4.51mir245 I 6233176-6233197 6233133-6233202 5.78mir246 IV 9312591-9312612 9312543-9312622 4.50mir247 X 4509401-4509423 4509351-4509430 7.05mir248 X 2002036-2002058 (-) 2002031-2002100 5.53mir249 X 2745290-2745311 (-) 2745281-2745360 8.58mir250 V 11628066-11628087 (-) 11628057-11628136 8.42mir251 X 10746280-10746303 10746276-10746345 5.28mir252 II 11446827-11446849 (-) 11446766-11446845 4.04mir253 V 5606449-5606469 (-) 5606408-5606487 5.89mir254 X 11075086-11075108 (-) 11075081-11075160 11.00-------------------------------------------------------------
For example, miRNA mir-46 is enoded in the region 11994834� 11994855 of hro-mosome III and mir-48 is enoded in the reverse omplementary sequene (RCS)14209762�14209784 of hromosome V of C.elegans. Figure 1 graphially depits theobserved distributions of the sores Zsre omputed in the two genomi sequenesof 2500-nt that ontain C.elegans mir-46 and mir-48 genes, respetively. For the seg-ment 11993701�11996200 of hromosome III, the maximal Zsre was 5.66 and foundin the WFS 11994782�11994861 of hromosome III. The 22-nt mir-46 was loated atthe right arm of the distint stem-loop folded by WFS 11994782�11994861. Amongthem, 19 nt out of 22-nt were in the base-pairs. Similarly, the maximal Zsre was8.69 and found in the WFS 14209717�14209796 in the segment 14208531�14211030of hromosome V. The RCS of mir-48 was situated in the right arm of the foldedstem-loop and 20-nt out of 23-nt mir-48 were in the base-pairing region of the dis-tint WFS 14209717� 14209796.What is the general behavior of Ediff or Zsre in a random sample that isassoiate with the real biologial sequene? To estimate the unertainty of Ediff ina random sample we performed an extensive statistial simulations for 50 randomlyshu�ed sequenes of the segment 11993701 � 11996200 of hromosome III, andthe segment 14208531� 14211030 of hromosome V, respetively. The quantitativemeasures Ediff and Zsre were omputed by using same parameters as used inC.elegans. In eah random test, the total length of random sequenes were 125000nt and we had 24250 observations of Zsre. The distribution of Zsre omputedin random sequenes are showed in Figure 2. In the statistial simulation of thesegment 11993701 � 11996200 of hromosome III, Zsre sores ranged from �1:50to 5.57. There were 105, 17 and 2 observations whose Zsre values were equal to orgreater than 3.5, 4.5 and 5.5, respetively. For the segment 14208531� 14211030 ofhromosome V, Zsre sores ranged from �1:52 to 6.23 in the random test. Therewere 102, 17 and 1 observations whose Zsre values were greater than 3.5, 4.5 and
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Fig. 1. Distributions of Zsre sores omputed in the two genomi sequenes of segment11993701-11996200 of hromosome III (top) and segment 14208531-14211030 of hromosome V(bottom) of C.elegans. Eah plot was made by plotting Zsre against the position of the middlebase in the window of 80 nt. The deteted WFS inluding mir-46 (top) and mir-48 are asteriskedin the plot.

5.5, respetively. On average, we an expet to have two observations whose Zsre �3:5 in a 2500-nt random sequene, and have 1.5 observations whose Zsre � 5:5in a random sequene of 100000-nt. From the statistial simulations we an set areasonable Zsr0e = 5:5 for prediting the statistially signi�ant WFS in C. eleg.The statistial analysis of random samples also indiate that the most of WFSelements listed in Table 1 are statistially very signi�ant. Those deteted WFSelements assoiated with miRNAs represent a well-ordered strutural feature thatan not be expeted by hane.
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Fig. 2. Empirial probability density funtions of Zsre sores omputed from 50 random se-quenes. The Zsre sores were omputed from the randomly shu�ed sequenes of the segment11993701-11996200 of C.elegans hromosome III are displayed in the top and those omputedfrom the segment 14208531-14211030 of C.elegans hromosome V are depited in the bottom. Theempirial bar funtions are plotted with step size of Zsre = 0:05. Zsre were omputed by thesame parameters as used in real biologial sequene.
3.2. Strutural features of the miRNA PreursorIt is know that �80-nt miRNA preursors often form a distint fold-bak struturein whih most of the 21�24 nt miRNAs are in the double helial stem. Moreover, thefold-bak stem-loop struture is also highly onserved aross the divergent speies.Figure 3 shows the onserved stem-loop struture of let-7 miRNA preursors foundin C.elegans, D.melanogaster and human. The high struture onservation an bemeasured by MSS sores. The omputed MSS between the two let-7 RNA struturesof C.elegans and D.melanogaster was 247. Similarly, we had MSS = 228, and 212omputed by the struture omparison between the let-7 preursors of C.elegans and
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Fig. 3. Fold-bak stem-loop strutures of C.elegans, D.melanogaster and human let-7 RNA pre-ursors. The 21-nt let-7 RNA is shown by red (lighter) olor.
human, and D.melanogaster and human, respetively. Based on the basi informa-tion, the predition of the onserved WFS related to the let-7 gene in the genomisequene of C.elegans was set by the two onditions, Zsre � 5:5 and MSS � 228.Using the window of 80-nt, we identi�ed 1853, 1625, 1278, 1517, 1708 and 1256WFS elements in the hromosome I, II, III, IV, V and hromosome X, respetivelyby the threshold, Zsr0e = 5:5. Using both thresholds of Zsre and MSS, we de-teted 8, 8, 9, 10, 5, and 4 WFS elements in hromosome I, II, III, IV, V andX, respetively. The deteted WFS have similar well-ordered onformation as thatfound in let-7 preursors (see Table 2). Table 2 gives the onserved WFS elementsfrom hromosome IV by our omputation.
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10 S.Y. Le, J.V. Maizel Jr. and K. ZhangTable 2. Distint WFS that has onserved strutural feature of let7 preursor om-puted by EDsan and rna math from Chromosome IV with a window size of 80-nt.---------------------------------------------------------------------------------------Folding region: 14392174~14392258; Zsr = 5.83, MSS = 244.0aaatttTCTTAGGAAAAGTGTTAATTGAAAAGTTtTAGATaaagttataATCTAAACTTTTTAGTTGAtCACTTTTTTgTGAGA1 14392180 14392258 52 14392185 14392252 93 14392194 14392242 144 14392209 14392227 5Folding region: 15327884~15327968; Zsr = 8.08, MSS = 243.0CGGCCGTCAGTTTCCGAGTTTaGCACTCATTaTACaatgtattattaaGTAAGTGAGTaGCAAACTTGGAAATTGACGGCCG1 15327884 15327968 212 15327906 15327946 23 15327909 15327943 74 15327917 15327935 3Folding region: 15247729~15247813; Zsr = 8.08, MSS = 243.0CGGCCGTCAGTTTCCGAGTTTaGCACTCATTaTACaatgtattattaaGTAAGTGAGTaGCAAACTTGGAAATTGACGGCCG1 15247729 15247813 212 15247751 15247791 23 15247754 15247788 74 15247762 15247780 3Folding region: 2660337~ 2660426; Zsr = 8.88, MSS = 239.0AGTGTCGGATGGGagCAAGTTTGCACTAAATAGTGAatataTCGCaaTATTTAGTGCAAACTTtGtCCCGTCCGACACTttttg1 2660337 2660421 132 2660352 2660406 13 2660354 2660404 164 2660370 2660386 4Folding region: 14647174~14647258; Zsr = 8.02, MSS = 237.0ggtTCCGCGCGCCGCtATGTTTAACTCGCagGGGCGgagaagttgaCGCCCaaGCGAGTTAAACATGCGGCGCGCGGA1 14647177 14647258 122 14647190 14647245 133 14647206 14647229 5Folding region: 3700280~ 3700364; Zsr = 8.86, MSS = 234.0ATTGTTCGAAAGTTGAaAATTaCGGTGAAAATTGCCaaaaaattgaGGCAATTTTCATCGtAATTTCAACTTTCGGACAGT1 3700280 3700364 162 3700297 3700347 43 3700303 3700341 14Folding region: 12303329~12303408; Zsr = 7.79, MSS = 231.0TCAAGTAAtGTAGGAaATGTATTTAAATACATTTGTGagtCACAAATGTATTTAAATACATgTTtTTATTTACTTGAa1 12303329 12303407 82 12303338 12303399 43 12303343 12303394 24 12303346 12303391 21Folding region: 15150209~15150293; Zsr = 6.77, MSS = 229.0gTTCCGCGCGCCGCTaTGTTTAACTCGCagaGGCGgagaagttgaCGCCaaGTGAGTTAAACGAGCGGCGCGCGGAA1 15150210 15150293 142 15150225 15150278 123 15150241 15150262 4Folding region: 13596834~13596913; Zsr = 10.71, MSS = 229.0GCGTGAAACTGTAATTTTTGTaCCAAAAAatTCAAaaatgaTTGATTTTTGGACAaAAAATTACAGTTTCACGC1 13596834 13596913 182 13596853 13596894 33 13596857 13596891 74 13596866 13596883 4Folding region: 11328499~11328583; Zsr = 8.19, MSS = 229.0TTTTtAGGTTAATTAAaCATTATATCATCAAAAAaGAaaaatttgTCaggTTTTTGATGATATAATGgTTAATTGACTTAAGA1 11328499 11328583 42 11328504 11328578 113 11328516 11328566 174 11328535 11328546 2---------------------------------------------------------------------------------------
In Table 2, we �rst list the WFS sequene in whih the apital letters representthe base pairing regions. The WFS sequene is followed by a simple region table
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Finding onserved well-ordered RNA strutures in genomi sequenes 11where the 5' and 3' positions of the stems in the sequene are listed in the olumns2 and 3 and the size of the base pairing in the stem is listed in the olumn 4. Figure4 depits partial fold-bak stem-loops listed in Table 2. It is lear that the detetedstrutures are phylogenetially onserved and uniquely folded. Statistial inferenefor the well-ordered strutures indiates that these are not expeted in hane.

Fig. 4. Examples of onserved WFS strutures deteted in C.elegans. They are partial data listedin Table 2. The distint stem-loop strutures have the onserved struture feature found in the let-7 preursor. Stem-loop Ch1a is folded by WFS 10582568-10582652 of hromosome I whose Zsreis 6.74 and MSS is 262. Stem-loop Ch1b is folded by WFS 12684236-12684315 in hromosome Iwhose Zsre is 5.99 and MSS is 239. Stem-loop Ch2a is folded by WFS 14797341-14797425 inhromosome II whose Zsre is 6.59 and MSS is 250. Stem-loop Ch3a is folded by WFS 3398800-3398879 of hromosome III whose Zsre is 6.17 and MSS is 240. Stem-loop Ch4a, Ch4b and Ch4are folded by WFS 14392174-14392258, 15327884-15327968 and 2660337-2660426 of hromosomeIV, respetively. Their Zsre sores are 5.83, 8.08, and 8.88, and MSS values are 244, 243 and239, respetively. Stem-loop Ch5a is folded by WFS 17495056-17495135 in hromosome V whoseZsre is 8.0 and MSS is 235. Stem-loop ChXa is folded by WFS 5538401-5538480 of hromosomeX whose Zsre is 6.96 and MSS is 253.
The MSS threshold used here is an empirial one and it should be justi�edase by ase. In general one should hoose a sore of about 10-15% lower than theself similarity sore of the given miRNAs. Lowering this sore will produe more
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12 S.Y. Le, J.V. Maizel Jr. and K. Zhangbut less onserved WFS elements. In addition, those WFS with high Zsr that arenot onserved are only not losely related to the given miRNAs. Their potentialbiologial funtions an not be ruled out.Similarly we also found other distint well-ordered strutures that were relatedto the other known miRNAs listed in Table 1 by the same proedure as used above.Those deteted, statistially signi�ant WFS elements may be potential andidatesof undisovered miRNAs or other funtional elements. The number of known miR-NAs is expanding rapidly. It is a great hallenge to disover those miRNAs byomputational methods in the post-genomi era. Although some omputational ap-proahes for prediting funtional RNAs in genomi sequenes have been proposed24;25, we still need more sophistiated omputational tools. This study showed thatmost of known C.elegans miRNAs were assoiated with those statistially signif-iant WFS. Our method an predit let-7 and other experimentally determinedmiRNAs. Given the distint morphology of the fold-bak struture of a spei�miRNA, we an searh for its homologue by performing the strutural omparisonbetween the spei� miRNA struture and the strutures of those potential WFSsegments deteted in C.elegans genome and other genomi sequenes. One thosepotential homologous RNAs are determined, we an use sequene searh to �ndthose with onserved subsequenes. Currently, preditions of those potential fun-tional strutures in C.elegans and other genomi sequenes are being onduted ona large sale in our laboratory.
4. ConlusionThe miRNAs in size from 21 to 25 nt have been predominant in eukaryotes.In this study, we proposed a general approah with the ombination of EDsan(http://protein3d.nifrf.gov/ shuyun/edsan.html) and rna math (http://www.sd.uwo.a/faulty/kzhang/rna/rna math.html) to searh for onserved fold-bakstrutures of miRNA preursors. Our statistial simulation indiates that suh fold-bak stem-loops are statistially signi�ant and they are not expeted by hane.The distint struture is both thermodynamially stable and uniquely folded. Us-ing the approah, we disovered a number of the potential fold-bak strutures inC.elegans genome. Our method will help to �nd miRNAs and other interestingstrutural features hidden in the enormous volume of the omplete genome.
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